In 2008 statewide surveys of symptomatic foliage of nursery plants from Tennessee resulted in isolation of 43 isolates of Phytophthora spp. This sample set includes four described species (P. citrophthora, P. citricola, P. nicotianae, P. syringae), and a provisional species of Phytophthora ('P. hydropathica'). At the same time a stream-baiting survey was initiated to recover Phytophthora from eight watersheds in eastern Tennessee, some of which are near plant nurseries. Baiting was accomplished by submerging healthy Rhododendron leaves approximately 1 wk and isolation onto selective media. Six baiting periods were completed, and in total 98 Phytophthora isolates and 45 isolates of Pythium spp. were recovered. Three described species (P. citrophthora, P. citricola and P. irrigata) and the provisional species 'P. hydropathica' were obtained as well as three undescribed Phytophthora taxa and Pythium litorale. Isolates from both surveys were identified to species with morphology and the internal transcribed spacer (ITS) sequence. Isolates from species co-occurring in streams and nurseries (P. citricola, P. citrophthora and 'P. hydropathica') were characterized further with amplified fragment length polymorphism (AFLP) analyses and mefenoxam tolerance assays. Isolates representing a putative clonal genotype of P. citricola were obtained from both environmental and nursery sample sets.
INTRODUCTION
Species of the oomycete genus Phytophthora infect a diverse array of plant species causing significant loss to commercial plant production and to native plants Ribeiro 1996, Blair et al. 2008) . Phytophthora infestations require moist or wet conditions and can spread quickly as deciduous sporangia and swimming zoospores via irrigation drainage water, irrigation reservoirs and waterways (Ghimire et al. 2009 ). Phytophthora also is spread via infected plant material in the nursery trade, and Phytophthora ramorum, causative agent of sudden oak death (SOD), is a notable Phytophthora pathogen dispersed in this manner (Rizzo 2002) . Phytophthora ramorum has been disseminated within USA and Europe through the nursery trade (Stokstad 2004, Werres and Merlier 2003) , and forest soils and leaf litter also have been shown to serve as reservoirs for this pathogen in California (Fichtner 2007) . SOD causes forest decline of tan oak and coast live oak stands in northern California and infects other native woody shrubs and trees of northern California and Oregon (Frankel 2008) .
In recent years the importance of early screening and monitoring for Phytophthora diseases from plant nurseries, as well as environmental sampling to detect Phytophthora spp. from native watersheds, has been recognized (Cook et al. 2007) . In an effort to track and limit the movement of P. ramorum the USDA surveys foliage of woody ornamentals from nurseries across USA for P. ramorum (Stokstad 2004 ). In addition the USDA also conducts surveys of Phytophthora spp. from USA soil and waterways to determine whether P. ramorum has escaped into native watersheds (Frankel 2008) . Phytophthora ramorum has been reported from riparian waterways in Oregon, Washington and California via stream baiting and/or PCR detection (Fichtner et al. 2007 , Rizzo et al. 2005 , Tjosvold et al. 2008 . Nursery surveys for P. ramorum have been carried out in eastern Tennessee, resulting in the discovery of a new species of Phytophthora, P. foliroum, from infected nursery material of Pieris japonica. (Donahoo et al. 2006) . Phytophthora isolates from nurseries of Tennessee have been shown to comprise several species (P. foliorum, P. citricola, P. citrophthora, P. nicotianae, P. drecshleri), of which P. citricola and P. citrophthora contain clonal genotypes which co-occur in geographically disparate nurseries (Donahoo et al. 2008) . Phytophthora citricola and P. citrophthora and several other species have been recovered from nurseries in Minnesota and California (Schwingle et al. 2007 , Yakabe et al. 2009 ).
Our primary goal was to determine whether Phytophthora species and genotypes common to the nursery trade in Tennessee also are co-occurring in nearby forest watersheds, as has been shown for P. ramorum and other invasive Phytophthora species. A survey of Phytophthora spp. from symptomatic foliage of woody perennial plants was conducted from fall 2007 through spring 2008 AT 12 nurseries. At the same time eight watersheds in eastern Tennessee were surveyed for Phytophthora with rhododendron leaf baiting. These surveys did not yield P. ramorum but did yield a large number of Phytophthora isolates. Here we report on the species diversity, distribution and co-occurrence of unique genotypes among plant nurseries and watersheds in eastern Tennessee.
MATERIALS AND METHODS
Sampling for and culturing of isolates in this study.-Phytophthora isolates were recovered from infected leaves of nursery plants from Tennessee as part of the USDA SOD Survey May-Nov 2008 (TABLE II) . Infected material was from leaf samples that had tested positive with a Phytophthora-specific enzyme-linked immunosorbent assay (ELISA). Leaf samples originated from 12 nurseries in eastern Tennessee designated N1-N12 (TABLE II) . Leaves were processed in this manner: 10 mm leaf disks were aseptically removed from symptomatic leaf material and plated onto dilute V8 PARP + H agar (40 mL V8 juice, 3 g CaCO3, 16 g Bacto agar and 960 mL water amended with 25 ppm pimaricin, 100 ppm ampicillin, 25 ppm rifampicin, 25 ppm pentachloronitrobenzene and 25 ppm hymexazol). Phytophthora or Pythium mycelium was observed growing from leaf disks into agar after 1-3 d and was transferred aseptically to water agar plates, resulting in diffuse colonies. Single hyphal tips were transferred to dilute V8 PARP agar Petri plates, and these cultures were used for genetic and morphological characterization.
Isolates of Phytophthora were baited from rivers or streams of eight eastern Tennessee watersheds with rhododendron leaves as part of a national survey for the sudden oak death (SOD) pathogen, P. ramorum (TABLE II) . The specific locations (designated TN1-TN8) are in Tennessee watersheds that contain nurseries receiving plants from West Coast USA. Sites were sampled three times May-Nov 2008, and each site was sampled in duplicate. Bait leaves were asymptomatic rhododendron leaves collected from Sevier County, Tennessee, rinsed in tap water and stored at 5 C 1 wk before each baiting session. Leaves were placed in mesh bags, and the bags were anchored with a 2.5 lb weight. Bait bags were tethered to the shore by a 15 ft. nylon cord, and submerged 15-50 cm deep 7 d. On retrieval rhododendron leaves were rinsed with tap water, placed in plastic bags and kept at 5 C before processing. Leaves were processed in the same manner as leaf material from the nursery survey with care taken to excise leaf disks adjacent to lesions. AFLP analyses.-Mycelium for DNA extraction was grown in V8 PARP broth, lyophilized, and high molecular weight DNA was extracted from the mycelium with the methods of Lamour and Finley (2006) . Genomic DNA from all isolates was interrogated by amplified fragment length polymorphism (AFLP) analysis, performed with the aid of Eco RI and MseI restriction enzymes, adapters and polymerase chain reaction (PCR) amplification primers in accordance with method of Vos et al. (1995) . Selective PCR amplifications were performed with Eco-AC and Mse-CCC primer pairs. Amplicons were labeled fluorescently in separate reactions following the method of Habera et al. (2004) , and the resultant fluorescently labeled amplicons were resolved by a Beckman-Coulter CEQ8000 capillary genetic analysis instrument. Fragment peaks were confirmed manually, and peaks 100-600 base pairs were manually scored for presence or absence.
DNA melting analysis.-The ITS1 and ITS2 regions of ribosomal RNA of all isolates were screened for variation with a DNA melting analysis (DMA). The ITS1 and ITS2 regions of the rDNA ITS region were PCR-amplified separately in duplicate for each isolate. PCR reactions consisted of 4 mL LightScanner Mastermix (Idaho Technologies, Salt Lake City, Utah), along with 1 mL genomic DNA at 10-50 ng/mL and 1 mL each primer ITS1, TCCGTAGGT GAACCTGCGG and ITS2, GCTGCGTTCTTCATCGATGC, for the ITS1 region and ITS 3, GCATCGATGAAGAACG CAGC, and ITS 4, TCCTCCGCTTATTGATATGC for the ITS2 region (Lee and Taylor 1992) . All primers were added at 2.5 mM conc. The PCR temperature protocol was initial denaturation at 95 C for 2 min., then 45 cycles of 95 C for 30 s and 64 C for 30 s, and then a final step of 95 C for 30 s followed by 28 C for 30 s. DMA was performed according to manufacturers instructions with a 384-well format LightScanner instrument (Idaho Technologies, Salt Lake City, Utah). PCR reactions were replicated on the 384 plate to ensure reproducibility. After PCR amplification and heteroduplex formation PCR products were subjected to melting analysis with a light scanner instrument (Idaho Technologies, Salt Lake City, Utah). Data analysis and normality parameters were adjusted with LightScanner 2.0 software, and isolates with identical ITS1 and ITS2 melt curves were identified. At least two isolates from each of the melt curve types from the ITS1 and ITS2 were chosen at random and the ITS region sequenced.
ITS amplicon sequencing and isolate identification.-Genomic DNA from isolates was used for PCR amplification and DNA sequencing of the rDNA ITS region (comprising ITS1, 5.8s and ITS2 sequences) for molecular identification of isolates (Cooke et al. 2000 (Cooke et al. , 2007 . The PCR primer combination ITS1 and ITS4, or the combination ITS6 and ITS4, were used in 5 mM concentrations, along with 30 ng genomic DNA, 1 mL TAQ polymerase, and 38 mL 103 PCR buffer (White et al. 1990 , Cook et al. 2000 . The PCR temperature regime was an initial denaturation at 96 C for 2 min, followed by 35 cycles consisting of denaturation at 96 C for 1 min, annealing at 55 C for 1 min and extension at 72 C for 2 min. A final extension step at 72 C for 10 min completed the reaction (Lee and Taylor 1992) . The ITS DNA amplicons were sent to the University of Tennessee at Knoxville Molecular Biology Resource Center for sequenc-ing. Forward and reverse sequence electropherograms were trimmed manually of poor sequence data and assembled with CodonCode Aligner 3.0.3 sequence alignment software (CodonCode, Dedham, Massachusetts). The resulting consensus sequences were searched against the NCBI GenBank non-redundant nucleotide database in Aug 2009 (Zhang et al. 2000) . All NCBI database entries that were compared to unknown isolates also were published previously in peerreviewed journal format. Unknown ITS sequences also were searched against the curated Phytophthora DNA sequence database, Phytophthora (http://www.phytophthoradb.org/) (Park et al. 2008 ). In addition gross colony morphologies, colony growth at 35 C and light microscopy of sporangia and gametangia from colonies grown on V8 PARP agar were examined to confirm species identifications.
Mating type and mefenoxam sensitivity of isolates.-Mating type determination was attempted for non-homothallic isolates with P. capsici A1 and A2 tester isolates (CBS 121656 and CBS 121657 respectively). Seven millimeter agar disks from the leading edge of 10 d old colonies of tester and query isolates were plated together on dilute V8 agar Petri plates, and the colony intersection was excised, slide mounted and observed microscopically 7-14 d post inoculation. The presence or absence of oospores was determined by light microscopy at 4003 magnification.
Mefenoxam sensitivity was assessed in isolates of species exhibiting overlap in nursery and watershed sample sets. A 7 mm agar disk of expanding mycelium was placed on a 15 cm Petri plate of V8 agar medium amended with 100 ppm mefenoxam (Ridomil Gold EC), as well as a 15 cm plate of unamended V8 agar, as a negative control (Donahoo et al. 2008) . Three replicates were performed for each mefenoxam-amended and control sample per isolate. Colony diameters were measured at 3 d post inoculation, and data values were averaged. Mefenoxam sensitivity was estimated by comparison of mean growth on mefenoxam-amended V8 agar to non-amended V8 agar controls and isolates are considered insensitive if able to grow . 90% of control. Complete sensitivity was indicated by no growth on mefenoxam-amended plates at 3 d post inoculation.
RESULTS
Phytophthora isolates recovered from nurseries and watersheds of eastern Tennessee.-A total of 186 isolates were obtained and characterized, with Phytophthora isolates recovered from all collection sites of both surveys. These isolates were composed of 10 distinct taxa, ITS sequences of which have been deposited in GenBank (TABLE I) . Sequenced amplicons of the ITS rDNA regions from isolates representing each melt curve grouping were 697-798 base pairs long and displayed 99-100% query coverage and 99-100% maximum sequence identity with GenBank sequence entries from the non-redundant nucleotide database at NCBI (except 'P. hydropathica', which displayed 96% query coverage). Of these entries, the complete ITS1, 5.8S and partial ITS2 sequences of P. citricola (AF266788), P. citrophthora (AF266785), P. nicotianae (AF266776) and P. syringae (AF266803) have been used as representatives of these species in literature on phylogeny of genus Phytophthora (Cook et al. 2000) . Identifications of these aforementioned species in our collections from their rDNA ITS sequences was also confirmed by the top five BLAST results from the Phytophthora database with 99% maximum identity and query coverage. Isolates also were identified as P. irrigata, 'P. hydropathica', Pythium litorale and Phytophthora unk1 (a taxon resembling but distinct from P. gonapodyides) by equally stringent similarity values to NCBI sequence entries from individual publications on these species (FJ196758, EU583793, DQ144637 and AF541900 respectively) (Hong et al. 2008b (Hong et al. , 2008a Nechwatal and Mendgen 2006; Brasier et al. 2003) . Top hits for Phytophthora unk2 and Phytophthora unk3 were respectively GenBank accession numbers EU644718 and EU644724 and matched with 99% query coverage and 96-97% maximum identity. These top hits are sequences originating from environmental Phytophthora isolates obtained from stream baiting in West Virginia. Of these 186 isolates 43 originated from nursery samples and were identified as P. syringae, P. citricola, P. citrophthora, 'P. hydropathica' and P. nicotianae. P. citrophthora was most frequently cultured from nursery sampling, with 22 isolates obtained from eight of 12 nurseries sampled. These isolates were obtained from these plant hosts: Pieris japonica, Kalmia latifolia, Prunus laurocerasus and Azalea sp. Nine isolates of P. citricola were cultured from four nursery sites and from these plant hosts: Pieris japonica, Rhododendron sp. and Kalmia latifolia. Two isolates each of P. syringae and P. nicotianae were obtained respectively from two sampled nurseries. Two isolates of 'P. hydropathica' were obtained from a single nursery. Material from four nursery sites was found to harbor P. citricola and P. citrophthora, with 
the remaining nine nursery sites yielding only a single Phytophthora species each (TABLE II) . The remaining 143 isolates, which originated from watersheds of eastern Tennessee, were identified as these taxa: P. citricola, P. citrophthora, 'P. hydropathica', P. irrigata, Phytophthora unk1, Phytophthora unk2, Phytophthora unk3 and Pythium litorale. Isolates of Pythium litorale and Phytophthora unk1 were obtained from watershed sampling of all eight sites. Isolates belonging to Phytophthora unk1 were the most numerous with a total of 61 isolates followed by Pythium litorale with a total of 45 isolates recovered. P. irrigata and 'P. hydropathica' both were recovered from six watershed sites with eight and 12 isolates obtained respectively. Three isolates of P. citricola were obtained from three watershed sites, and two isolates of P. citrophthora were recovered from one watershed site. Five isolates each of Phytophthora unk2 and Phytophthora unk3 were recovered from four watershed sites (TABLE II) . Three species, P. citrophthora, P. citricola and the provisional 'P. hydropathica', were found to occur in both watershed sites and nurseries in eastern Tennessee (TABLE II) .
Genotypic diversity of Phytophthora species exhibiting overlap between streams and nurseries.-Phytophthora citrophthora and 'P. hydropathica' isolates were found to belong to eight genotypes, designated C1-C8 and H1-H8 respectively, based on AFLP fingerprint analyses. AFLP genotypes of P. citrophthora were defined by 8-12 AFLP markers, and all these isolates shared six AFLP peaks. Each genotype was found to occur from only one or two locations, except C7, which was recovered from three nurseries, N8, N11 and N12 (TABLE III) . Only P. citrophthora was recovered from these nurseries. Only isolates belonging to the C4 genotype exhibited insensitivity to mefenoxam. 'P. hydropathica' genotypes were defined by 4-9 AFLP markers, and these isolates shared four peaks. Of the eight 'P. hydropathica' genotypes only one, H2, was sampled from multiple locations (TN2 and TN4). None of these isolates exhibited mefenoxam insensitivity. P. citricola isolates were composed of seven AFLP genotypes (CC1-CC7), with these genotypes defined by 4-11 AFLP markers (TABLE III). All these isolates shared five AFLP peaks.
Of all species genotypes sampled from streams and nurseries of eastern Tennessee only P. citricola genotype CC5 was found to co-occur in both stream and nursery settings. The CC5 genotype was cultured from N3, N7 and TN5 and was characterized by eight AFLP peaks.
Mefenoxam sensitivity and mating type.-All isolates of 'P. hydropathica' displayed mefenoxam sensitivity with maximum growth on mefenoxam less than 20% than that of the unamended controls. All but three isolates of P. citrophthora and P. citricola were sensitive to mefenoxam. Phytophthora citricola isolates belonging to genotype CC5 (LT 5550, LT5577, LT5606) grew as Warren Phytophthora unk1, Pythium litorale, P. citricola, 'P. hydropathica', P. irrigata TN2 Warren Phytophthora unk1, Pythium litorale, 'P. hydropathica', P. irrigate TN3 Bradley Phytophthora unk1, Pythium litorale, 'P. hydropathica', Phytophthora unk2 TN4 Hamilton Phytophthora unk1, Pythium litorale, P. citricola, 'P. hydropathica', P. irrigata, Phytophthora unk2, Phytophthora unk3 TN5 Polk Phytophthora unk1, Pythium litorale, P. citricola, P. irrigata, Phytophthora unk2, Phytophthora unk3 TN6 Sullivan Phytophthora unk1, Pythium litorale, P. irrigata, Phytophthora unk2, Phytophthora unk3 TN7 Sevier Phytophthora unk1, Pythium litorale, P. citrophthora, 'P. hydropathica', P. irrigata, Phytophthora unk3 TN8 Knox Phytophthora unk1, Pythium litorale, 'P. hydropathica'
well on mefenoxam amended media as on the control. Phytophthora citrophthora isolates belonging to genotype CC5 (LT 5573, LT5574, LT5579) also displayed equal growth diameters on nonamended versus mefenoxam-amended dilute V8 PARP plates. Mating type determination was not successful for any isolate screened with the P. capsici tester isolates.
DISCUSSION
Tennessee is renowned for its hardwood industry, ranking second in the nation for hardwood lumber production. Employing more than 180 000 Tennesseans, the forests products industry accounted for almost 7% of the state's economy in 2000, and was H1  7  LT6250  TN4  NA  H2  6  LT6175  TN2  NA  H2  6  LT6177  TN2  NA  H2  6  LT6257  TN7  NA  H3  5  LT6239  TN1  NA  H4  6  LT6203  TN8  NA  H5  6  LT6230  TN7  NA  H6  5  LT6233  TN8  NA  H7  7  LT6238  TN1  NA  H8  9 worth more than $21 billion in 1997 (English et al. 2003) . Thus the health of Tennessee forest ecosystems is vital to the Tennessee economy (Young et al. 2007 ). The productivity of Tennessee hardwood forests could be threatened by the presence of an invasive Phytophthora species, such as P. ramorum, which is known to infect a broad range of perennial shrub and tree species. Therefore monitoring the distribution and co-occurrence of Phytophthora and other plant pathogens from the nursery trade and watersheds is of utmost concern. The most frequently recovered Phytophthora taxon in this study, Phytophthora unk1, was cultured exclusively from watershed sites and also had been reported from leaf-baiting surveys of streams of southeastern USA, as well as from potting media and ornamental plants of California and Minnesota (Hong et al. 2008a , Schwingle et al. 2007 , Yakabe et al. 2009 ). Phytophthora unk1 had been reported from declining forests of Austrocedrus chilensis in Argentina, but there are no reports definitively showing this Phytophthora taxon to be the cause of any forest disease (Greseleben et al. 2005) . These reports mention the aberrant mating of these isolates, which appear sterile in many cases, consistent with our observations. Phytophthora unk1 and Pythium litorale were recovered from all collection sites and might be important decomposers of allochthonous leaf litter in riparian ecosystems of Tennessee.
Another Phytophthora species frequently encountered exclusively from watersheds was P. irrigata. This species was reported by Hong et al. (2008a) to be common in irrigation reservoirs in Virginia, as well as rivers in Virginia and Pennsylvania (Hong et al. 2008b ). This species was found to be pathogenic to some test plants in an experimental setting, but it currently is unknown whether the species infects commercially grown plants (Hong et al. 2008b) .
Of the three Phytophthora species found here to co-occur in watersheds and nurseries, only 'P. hydropathica' was found mostly from watersheds. This species is a commonly encountered Phytophthora from riparian sites of southeastern USA because it also is reported to occur in both rivers and irrigation reservoir water from nurseries in Virginia (Hong et al. 2008a ). The pathogenicity of this provisional species has been demonstrated on several test plants. In light of these findings 'P. hydropathica' might affect nursery production in Tennessee due to its widespread distribution and presence in nurseries and streams of eastern Tennessee. AFLP fingerprinting does not indicate a clonal lineage but does suggest closely related genotypes because they differ by a single AFLP peak among the six remaining shared peaks. Of the 11 isolates of P. 'hydropathica' recovered, seven had unique genotypes and only one genotype, H4, was recovered from multiple stream sites.
Our results support previous findings that P. citricola and P. citrophthora from eastern Tennessee nurseries are composed of considerable genotypic diversity as well as widely dispersed clonal lineages (Donahoo et al. 2008 ). Isolates of the P. citricola putative clonal genotype CC5 were found to occur at watershed site TN5 and nursery sites N3 and N7 and also exhibited mefenoxam insensitivity. The three isolates of the CC5 genotype all originated from different counties of eastern Tennessee, indicating that this genotype is distributed widely across the state. Environmental isolates of P. citricola genotype CC7 were recovered only from watershed sites TN1 and TN4, and these isolates displayed complete sensitivity to mefenoxam. Mefenoxam insensitivity had been reported in isolates of P. citricola recovered from eastern Tennessee nurseries (Donahoo et al. 2008) . The origin of the CC5 genotype is most likely the plant nursery due to the mefenoxam selection pressure that Phytophthora encountered there (Shew 1985, Joseph and Coffey 1984) . Phytophthora citricola is a known pathogen to a diverse range of plant species, including economically important woody ornamentals, fruit trees, hardwood and evergreen trees (Erwin and Ribeiro 1996) . This survey is the first report of a putative clonal genotype of P. citricola distributed among a plant nurseries and a natural watershed. This observation was not unexpected because nursery irrigation waterways have been shown to harbor several Phytophthora species and could easily let clonal genotypes spread in native habitats (Ghimire et al. 2009 , Fichtner et al. 2007 , Cooke et al. 2007 ). Additional sampling might provide a clearer picture of movement and dispersal between watersheds and plant nurseries, and a greater understanding of the movement of these pathogens between human-influenced and natural habitats in turn might aid in the prevention of forest decline witnessed as a result of the encroachment of invasive Phytophthora spp. such as P. ramorum. Multiple new phenotypic taxa from trees and riparian ecosystems in Phytophthora gonapodyides-P. megasperma ITS Clade 6, which tend to be high-temperature tolerant and either inbreeding or sterile. Mycol Res 107:277-290.
